The utilization of mixtures of glucose and sucrose at nonlimiting concentrations was studied in batch cultures of two common thermophilic fungi, Thermomyces lanuginosus and Penicilium duponti. The sucrose-utilizing enzymes (sucrose permease and invertase) in both fungi were inducible. Both sugars were used concurrently, regardless of their relative proportion in the mixture. At the optimal growth temperature (50C), T. lanuginosus utilized sucrose earlier than it did glucose, but at a suboptimal growth temperature (30°C) the two sugars were utilized at nearly comparable rates. The coutilization of the two sugars was most likely possible because (i) invertase was insensitive to catabolite repression by glucose, (ii) the activity and affinity of the glucose transport system were lowered when sucrose was included in the growth medium, and (iii) the activity of the glucose uptake system was also subject to repression by high concentrations of glucose itself. The concurrent utilization of the available carbon sources by thermophilic fungi might be an adaptive strategy for opportunistic growth in nature under conditions of low nutrient availability and thermal fluctuations in the environment.
Since Monod (21) described the phenomenon of diauxy in bacteria, it has become generally accepted that, when supplied with a mixture of two carbohydrates, the microorganisms utilize one carbon source at a time; for example, glucose is utilized before lactose is. There has been virtually no study of mixed substrate utilization in fungi, although this situation is expected to occur often in nature. We investigated the ability of thermophilic fungi to utilize mixed carbon sources. Thermophilic fungi are commonly found in compost and soil (17) . Their optimum growth and metabolic activity occur between 45 and 55°C (5, 23) . It is believed that they are capable of opportunistic development in the surface layers of soil when the soil temperatures become favorable because of solar heating (13) . We considered the possibility that one of the adaptive strategies of thermophilic fungi growth in the thermally fluctuating (25) and nutritionally poor environment of soil (9) might be their ability to utilize the available carbon sources rapidly and simultaneously. We report here on the ability of two unrelated species of thermophilic fungi to concurrently utilize glucose and sucrose when provided in combination under substrate-sufficient concentrations and on some of the mechanisms that underlie this behavior.
MATERIALS AND METHODS
Organisms. Thermomyces lanuginosus Tsiklinsky RM-B (ATCC 44008) was used in all experiments. In some experiments, Penicillium duponti Griffon and Maublanc RM-D was also used. Both fungi were taken from our laboratory collection of thermophilic fungi.
Culture conditions. Mycelial inocula were prepared by incubating spores in a glucose-asparagine medium on a gyratory shaker (240 rpm) at 50°C, as described by Maheshwari et al. (16) . For P. duponti, the medium was supplemented with 0.1% (wt/vol) yeast extract (Difco Laboratories, Detroit, Mich.). T. lanuginosus was grown for 14 to 16 h, and P. duponti was grown for 20 to 24 h. Inocula of 5 ml * Corresponding author.
from the homogeneous cultures were added to 500-ml Erlenmeyer flasks containing 150 ml of the medium described above in which, unless stated otherwise, glucose (2%), sucrose (2%), or a mixture of glucose and sucrose (1% each) was used as carbon source. The cultures were grown on a shaker at 50°C unless stated otherwise. Growth measurement. Growth of the fungi was followed as an increase in the mycelial dry weight. Growth was measured at short intervals as an increase in the mycelial protein content. Samples (5 ml) of the culture were removed from duplicate flasks at 2-h intervals, filtered through a glass fiber, and washed 3 times with 10 ml of distilled water. The mycelia that were filtered were put in test tubes and extracted with 5 ml of 0.5 M NaOH at 90°C for 30 min. The samples were centrifuged to obtain a clear extract. The protein in clarified extracts was estimated by the method described by Lowry et al. (14) . The specific growth rate (,u) was determined from a linear portion of semilogarithmic plots of growth curves and was calculated as follows: ,u = 2.303[(1og x2-log x1)h-1I/(t2 -t1), where x2 and x1 are mycelial protein content and mycelial dry weight at times t2 and tl, respectively.
Analyses. Utilization of the carbon source was studied as the disappearance of substrate from the culture medium.
Samples (5 ml) of the culture were removed aseptically at regular intervals and filtered through a glass fiber. The concentration of glucose in the culture filtrates was determined by the glucose oxidase-peroxidase method (20) . The concentration of sucrose was determined by using a commercial preparation of purified invertase from Candida utilis, as described previously (16) . Invertase from mycelia was extracted and assayed as described previously (16) . The protein content of cell extracts was measured by the method of Lowry et al. (14) .
Measurement of sugar uptake. Mycelia were washed three times by swirling them in distilled water and then filtering them with suction. Washed mycelia (1 g [wet weight]/100 ml) were suspended in Na-K phosphate buffer (50 mM, pH 6.5) and used without delay. The mycelial suspension (5 ml; 5 to 7 mg [dry weight]) was pipetted into 50-ml Erlenmeyer flasks containing an appropriate volume of the buffer described above, to give a final incubation volume of 10 ml. The finely dispersed mycelial growth yielded a homogeneous suspension and was easily transferred. After 5 min of incubation in a water bath shaker at 50°C, the assay was started by adding
(at the concentrations specified where appropriate). The uptake time was 1 min for 2-deoxyglucose and 30 s for glucose and sucrose. The uptake of labeled sugar was stopped by adding 20 ml of 5 mM unlabeled sugar (glucose or sucrose) to each flask and filtering the mycelial suspension immediately on a tared glass fiber (diameter, 25 mm; GF/C; Whatman, Inc., Clifton, N.J.) by using suction. The mycelia that collected on the filter were quickly washed 3 times with 10 ml of distilled water and immediately placed in an oven at 70°C for 16 to 20 h. After the filters were weighed, the radioactivity in the dried mycelia was determined in a toluene-based scintillation mixture. Counts were corrected for quenching by adding known amounts of radioactive sugars to mycelia on filters, drying the filters as described above, and measuring the radioactivity. Uptake activity was the average value of duplicate samples. and 69 + 3.0 in glucose-and sucrose-containing media, respectively. The economic coefficients, even on the same carbon source, varied considerably during different culture times (Table 2 ). A twofold difference in efficiency of growth with the two sugars was found for up to 8 h of culture. The data indicate that sucrose is slightly better than glucose in supporting the growth of T. lanuginosus at 500C.
Reciprocal influences in the utilization of sugars in a mixture. The growth rate of T. lanuginosus in medium containing a mixture of glucose and sucrose (,. = 0.30 h-1) was not higher than that when the two sugars were provided singly. This indicates that the utilization of glucose and sucrose in a mixture does not proceed independently. Analyses of parallel cultures at 8-h intervals indicated that the utilization rate of individual sugars in the mixture was lowered unequally compared with that when sugars were provided singly (Table   3 ). In 24 h sucrose was utilized to a greater extent (up to 70%) in the mixture. When grown in 1:1 mixture of the two sugars, P. duponti utilized nearly three times more sucrose than glucose in 24 h (data not shown). The results indicate that during growth on mixed carbon sources, glucose and sucrose exert a reciprocal influence on their utilization, such that the growth rate remains essentially equal to that when sugars are provided singly.
Catabolite repression-insensitive invertase. For sucrose to be utilized concurrently with glucose, the enzyme involved in the catabolism of sucrose (invertase) would be expected to be insensitive to repression by glucose and by the metabolic compounds derived from it. To verify this, glucose-grown mycelia of T. lanuginosus were washed and incubated separately in media containing glucose, sucrose, and a mixture of glucose and sucrose. The development of invertase activity in the mycelia was determined. The inclusion of glucose along with sucrose (inducer) caused a small, early repression of invertase synthesis; but after 4 h, the specific activity of invertase was higher in mycelia incubated in medium containing a mixture of glucose and sucrose than it was in medium containing only sucrose.
The effect of some catabolites of glucose on invertase synthesis was also tested. Pyruvate, a-ketoglutarate, succinate, and malate (each at 50 mM) were added separately along with sucrose (2% [wt/vol] to washed mycelial suspensions of T. lanuginosus in Na-K phosphate buffer (50 mM, pH 6.5). The measurement of the invertase specific activity 1 and 3 h after the addition of these compounds showed that there was 10 to 30% repression. Coutilization of glucose and sucrose was therefore possible because the invertase in the thermophilic fungus was insensitive to catabolite repression by glucose or the metabolites derived from it.
Uptake of glucose in the presence of sucrose. Because the intracellular enzymes involved in glucose catabolism are common to the sucrose assimilation pathway, it was unlikely that sucrose interfered with glucose-metabolizing enzymes. The possibility that sucrose interfered with the transport of glucose into mycelia was examined.
The nonmetabolizable glucose analog 2-deoxyglucose was used to study glucose transport into the mycelia. A strong and specific inhibition by glucose of the incorporation of radiolabeled 2-deoxyglucose into the mycelia has shown that a carrier system catalyzes the transport of both hexoses in T. lanuginosus (A. K. Rajasekaran and R. Maheshwari, unpublished data). The entry of 2-deoxyglucose was not reduced in the presence of an equimolar concentration of sucrose in the incubation mixture (Table 4) . In a separate experiment, the uptake of radiolabeled glucose (400 ,uLM) by 12-h-old mycelia was studied in the presence of unlabeled sucrose. The radioactivity in the control was equal to that in an incubation mixture containing sucrose (5 mM). The results indicate that sucrose does not affect the utilization of glucose by competing for binding to the glucose carrier molecule.
The experiments revealed a distinctive feature of the mycelia that were grown in medium containing sucrose. These mycelia showed a markedly lower capacity to accumulate radioactivity from 14C-labeled hexose (glucose or 2-deoxyglucose) compared with mycelia that were grown in J. BACTERIOL. medium containing glucose alone ( Table 4 ). The presence of glucose with sucrose did not counteract this effect of sucrose. These observations suggest a sucrose-induced inactivation and repression of the glucose uptake system. Recovery of glucose transport activity in mycelia grown in a mixture of sugars. We determined whether glucose transport activity in mycelia grown in a glucose-sucrose mixture recovered when sucrose was depleted. The initial measurement of uptake was made by using 8-h-old mycelia of T. lanuginosus and P. duponti after approximately 10% of the initially added sucrose was consumed. The final measurement was made with 26-and 36-h-old mycelia of the two fungi, respectively, at which time sucrose was nearly completely utilized by both fungi, but up to 50% of the glucose was still present. An almost twofold recovery in activity of the glucose uptake system was observed in both fungi when they were grown in a mixture of glucose and sucrose (Table  5 ). In contrast, the glucose transport activity of mycelia grown in medium containing sucrose declined further (T. lanuginosus) or remained at a low level (P. duponti).
The role of protein synthesis in the regulation of glucose transport activity was determined. A steady improvement in the glucose transport activity of T. lanuginosus mycelia occurred when mycelia were transferred from sucrose-to glucose-containing medium (Fig. 3) . The increase in hexose carrier activity was prevented by cycloheximide, an inhibitor of eucaryotic protein synthesis. In an analogous experiment (Fig. 4) , we found that the glucose transport activity in mycelia declined if protein synthesis was inhibited, regardless of the energy source (glucose or sucrose) in the medium. Under these conditions glucose carrier activity did not decline at an accelerated rate in the presence of sucrose. The hexose transport activity of glucose-grown mycelia increased initially when the mycelia were incubated in a sucrose solution for 1 h to induce the sucrose transport activity. The reason for this quick increase is not understood.
Concentration-dependent effect of glucose on sugar transport activity. The glucose transport activity in mycelia grown with glucose as the carbon source increased with the time of culture (Table 5 ). This indicates that the glucose transport activity may be regulated by the concentration of substrate in the medium. This phenomenon was examined by growing T. lanuginosus for 8 h in media containing various concentrations of glucose, after which the mycelia were used for the determination of glucose uptake activity. Mycelia grown on 0.1% (wt/vol) glucose (control) possessed maximum activity. In mycelia grown with 0.5 or 1% (wt/vol) glucose, the glucose uptake activity was 68 and 38% of the control values, respectively. These results suggest that glucose transport activity is regulated by catabolite repression. FIG. 4 . Decline of glucose (GLC) transport activity in T. lanuginosus mycelia in the presence of cycloheximide (CHI). Mycelia (14 h old) were washed and incubated in sucrose (SUC) solution (-1 h) to induce sucrose transport activity (22) . Induced mycelia (0 h) were washed and suspended (1.5 g/150 ml) in Na-K phosphate buffer (50 mM, pH 6.5) containing 2% glucose (0) or 2% sucrose (0) in the presence of cycloheximide (10 ,ug/ml). At the indicated times, mycelia were used for the measurement of 2-deoxyglucose uptake. Kinetics of glucose uptake. The incorporation of radiolabeled glucose by T. lanuginosus mycelia of identical age grown in glucose-or glucose-sucrose-containing media was compared over a concentration range of 0.025 to 1 mM. In mycelia grown on both media, the radioactivity that accumulated reached a limiting value at high glucose concentrations. Mycelia grown in a mixture of glucose and sucrose contained lower levels of radioactivity at all concentrations of glucose tested (Fig. 5) . This difference in mycelial response to the accumulation (incorporation) of glucose was reflected in altered transport kinetics, which was determined by using ['4C]deoxyglucose. The Lineweaver-Burke plots of data for the range of deoxyglucose concentrations tested (0.025 to 2 mM) were linear for both mycelia, indicating that a single uptake system catalyzes the transport of hexose into mycelia. The apparent Km values for 2-deoxyglucose uptake by T. lanuginosus mycelia grown for 16 h on glucose and a glucose-sucrose mixture were 240 ± 48 and 782 ± 61 ,uM, respectively. The corresponding Vm x values were 25 ± 21 and 17 ± 17 nmol mg (dry weight)-min-, respectively.
The kinetics of sucrose uptake was studied by using [14C]sucrose, although it is rapidly metabolized by mycelia (22) . The Lineweaver-Burke plot showed that uptake followed Michaelis-Menten kinetics. The apparent Km value for sucrose for mycelia grown in sucrose was 250 ± 39 ,uM and 392 ± 11 puM for mycelia grown in glucose-sucrose. The corresponding Vmax values were 49 ± 5 and 31 ± 11 nmol mg (dry weight)-' min-', respectively.
Effect of other sugars on the glucose uptake system. The glucose uptake activities of the mycelia were 60 to 90% lower when T. lanuginosus or P. duponti was grown in mixtures of glucose and other sugars ( Table 6 ). The inhibition of hexose carrier activity by sucrose was therefore not a unique effect of P-fructofuranoside.
Influence of temperature on growth and mixed substrate utilization. At 30°C the specific growth rate of T. lanuginosus in medium with glucose was 0.06 h-'. As mentioned above, there were only small differences in the specific growth rate of T. lanuginosus grown on glucose or sucrose at 50°C.
Moreover, on either glucose or sucrose at 50°C, the cultures did not sporulate, although autolysis of mycelia began after approximately 36 h on both media. In contrast, cultures showed distinct differences at 30°C. The specific growth rates on both sugars at 30°C was appreciably lower than those at 50°C, but more so for growth on sucrose than for that on glucose, (0.027 and 0.06 h-1, respectively; Fig. 6A ). At 30°C, mycelia in glucose medium turned olive green at approximately 72 to 96 h and began to sporulate. The culture filtrates were pinkish brown. Parallel cultures in sucrose medium showed only trace amounts of sporulation and produced a cherry red pigment in the medium. When provided singly, the utilization of glucose at 30°C proceeded at a distinctly faster rate than did that of sucrose (Fig. 6B) . In the mixture, glucose and sucrose were utilized at nearly comparable rates (Fig. 6C ).
DISCUSSION
Matin (19) has reasoned that the preferential utilization of one compound would be of little value in a nutritionally poor environment and that selective pressure would favor organisms that are capable of making use of different substrates simultaneously when the substrates are present at low concentrations. There is now increasing evidence that microorganisms are capable of utilizing mixed substrates concurrently during growth at low nutrient concentrations (8, 19) . We do not know the range of natural concentrations of sugars in the environment of thermophilic fungi; however, it is expected to be quite low. Therefore, the novel observation is that the thermophilic fungi described here utilized mixed carbon sources simultaneously when the carbon sources were provided at nonlimiting concentrations.
For the utilization of sucrose to proceed rapidly in the presence of glucose, the sucrose transport system and invertase in the fungus would be expected to be insensitive to catabolite repression or repressed only minimally by glucose. The inclusion of glucose in the medium lowered the Vmaxof the sucrose transport system in T. lanuginosus, but not appreciably. The invertase activity in T. lanuginosus was essentially stable in the presence of added glucose. In this respect, the invertase in this thermophilic fungus behaved differently from that of yeasts in which it is strongly repressed by glucose (4, 6 (18) . A decreased affinity of transport systems for ligands appears to be a general feature in the cellular control of nutrient uptake under nonlimiting mixtures of substrates. However, the biochemical basis of the change in the Km values in any instance is not known, although conformational changes or a association-dissociation phenomenon in the permease molecule has been postulated (7, 24) . We were not able to determine whether the low activities of the glucose and sucrose transport systems in T. lanuginosus grown in sugar mixtures were due to inactivation, repression, or both. We were also not able to determine whether the inactivation and repression of the glucose transport system required the metabolism of sucrose. The isolation of mutants of T. lanuginosus that lack sucrose permease or invertase may help us to understand the regulation of the glucose uptake system on mixed substrates. At present, it is known that recovery of transport activity is dependent on protein synthesis (Fig. 3) . The rapid loss of glucose transport activity in mycelia incubated with cycloheximide is in accord with the concept of carrier turnover (3, 26) . The pervasive effects of temperature on cellular activities in ectothermic organisms are well recognized. However, very few studies have been done on the effects of temperature on the utilization pattern of substrates in mixtures. Lynch and Franklin (15) have found that changes in the growth temperature of the psychrotrophic bacterium Pseudomonas fluorescens alter the regulation of the uptake system and the enzymes involved in glucose catabolism. This, in turn, alters the pattern of glucose dissimilation in the presence of preferentially utilizable carbon sources. Here we have shown that preference for a substrate may differ at different temperatures ( Fig. 1 and 6 ). The slower utilization by T. lanuginosus of sucrose in the mixture at 30°C probably was a result of the low inducible levels of the sucrose carrier and invertase.
Thermophilic fungi are primarily inhabitants of compost, wherein their development follows that of the mesophilic microflora, after the heat produced by the respiratory activity of the microflora has raised the temperature of the biomass (5) . As secondary colonizers, the growth of thermophilic fungi presumably begins when the concentrations of soluble substrates become very low. The simultaneous utilization of substrates by thermophilic fungi may be an adaptive strategy for harnessing energy sources for the growth of mycelia, which can then ramify, explore, and exploit the complex constituents of the biomass. The ability of fungi to utilize carbon sources simultaneously may also be of advantage for growth in soil under diurnal fluctuations in temperature.
